This report examines different alternatives for replacing, treating, and recycling greenhouse gases. It is concluded that treatment (abatement) is the only viable short-term option. Three options for abatement that were tested for use in semiconductor facilities are reviewed, and their performance and costs compared. This study shows that effective abatement options are available to the photovoltaic (PV) industry, at reasonable cost.
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INTRODUCTION
Currently, only a subgroup of the Si photovoltaic industry uses greenhouse gases. Carbon tetrafluoride (CF 4 ) is used in plasma ("dry") etching of silicon wafers and trichloroethane (TCA) for cleaning tubes in phosphorous diffusion. In planned, large-scale manufacturing facilities, greenhouse gases also may be used to clean deposition chambers.
Dry etching is a method that is much safer than wet etching because the process is confined and the effluents are directly exhausted without the operators normally being exposed to them. Some safety and health issues associated with accidental exposures to the byproducts of the dry process were addressed in an earlier report (Fthenakis and Moskowitz, 1995) . This report focuses on greenhouse gases only. In the plasma etching of silicon compounds, gases containing fluoride and chloride species are commonly used (e.g., HF, HCl, CF 4 , CCl 4 , C 2 F 6 , CCl 2 F 2 , SF 6 , and NF 3 ; Table 1 ). The etching byproducts include F 2 and HF, Cl 2 and HCl, and fluorinated or chlorinated compounds of the material being etched.
Conceivably, many compounds may be formed by the highly energetic ions in a plasma environment. For example, gaseous effluents from etching operations with carbon tetrachloride include carbon tetrachloride, perchloroethylene, trichloroethylene, trichloroethane, hexachloroethane, hexachlorobenzene, hexachloro-butadiene, methylene chloride, and free fluorides (Fthenakis and Moskowitz, 1995) . 12,500 ; 9200 (5) 230,000
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REVIEW OF ALTERNATIVES
There are four prevention and control strategies to reduce emissions of greenhouse gases: substitution, process optimization, capture and recycling, and abatement.
Substitution
The semiconductor industry has examined the use of alternatives to PFCs that are not greenhouse gases and greenhouse gases that are used more efficiently.
No benign alternatives were found. Related to better utilization, Allgood et al. and NF 3 being best overall. NF 3 showed a 90-99% utilization rate, whereas only 30-40% of the PFCs were utilized. In another study (Mendicino, 1998) , an NF 3
Remote Clean™ was used for chamber cleaning during processing of 13,000 wafers, with no evidence of particle generation and no adverse effects on manufacturing and film processes. A schematic of this system is shown in Figure 2 . Remote Clean™ plasma system costs ~$60,000, and NF 3 costs 4-5 times more than the least expensive clean gas C 2 F 6 (i.e., C 2 F 6 @ $25/lb, NF 3 @ $110/lb).
NF 3 also produces higher F 2 emissions than PFCs.
Viable alternatives to CF 4 for etching applications have not been found.
Process Optimization
Many etching or cleaning processes use only 30-40% of the PFCs delivered to the process; therefore, optimizing the etching/cleaning processes can significantly lower emissions. Johnson et al. (2000) reported that optimization of 
Capture and Recycling
Techniques for capturing PFCs from exhaust streams by membrane separation, adsorption, absorption, and condensation were reported to have limited efficiency. Capture and recycling is complicated because emissions from chamber-cleaning operations, and, to a lesser degree, from etching operations, carry a large number of species and particulates. Therefore, pretreatment and a series of separations are necessary to recover PFCs.
Early results of membrane-based separation showed >98% efficiency, but at a relatively high cost (Cummins et al., 1998) . Testing of a cryogenic separation unit showed >99% efficiency for C 2 F 6 , CHF 3 , and SF 6 , but only ~75% for CF 4 (Gilliland and Hoover, 1998); also, this separation was costly (e.g., $500K
installation cost for a 200 scfm unit) Kelly (2001) recently described a method of condensing mixtures of PFCs where CF 4 is used as solvent for the heavier PFCs. CF 4 , CHF 3 , C 3 F 8 , C 2 F 6, and SF 6 at concentrations (in N 2 ) of 4,000 ppm to 24,000 ppm were captured at efficiencies of >99.7 % as liquid condensate. The cost and commercial feasibility of this option was not reported.
Abatement of PFCs from Emission Streams
Abatement can be used for both etching and chamber-cleaning operations. Early PFC abatement systems were not effective in destroying CF 4 , because of its strong C-F molecular bonds. Burn boxes operating at temperatures of 800 o C were only up to 27% effective in destroying PFCs (Beatty et. al, 2000) . Many times the destruction of CHF 3 , C 2 F 6, a nd C 3 F 8 generated CF 4 from the decomposition of the original gases. However, some new commercial systems have shown very high efficiencies of abating PFCs, including CF 4 . The following are the commercial abatement systems with the highest tested performance: The Edwards thermal decomposition system, the Litmas plasma system, and the Hitachi thermocatalytic decomposition system. They are described below.
COMMERCIAL POINT -OF-USE ABATEMENT SYSTEMS
The BOC Edwards Thermal Processing System
The BOC Edwards Thermal Processing Unit (TPU) consists of a combustion device, a scrubber, and a pump, integrated in an enclosed unit (Figure 3 ). PFCs (e.g., NH 3 , NF 3, B 2 H 6 , TMB, PH 3 , GeH 4 , and WF 6 ). Early models were not effective in decomposing CF 4 although they were highly efficient in decomposing other PFCs. A modified TPU showed an abatement effectiveness of 100%
for C 2 F 6 and 96% for CF 4 , in flows of 50 slpm (for each of four inlet streams), with inlet PFC concentrations ranging from 700 ppm to 4100 ppm. Abatement of
PFCs required the addition of natural gas to the chamber exhaust gases, whereas NF 3, B 2 H 6 , TMB, PH 3 , GeH 4 , and WF 6 were easily abated without adding natural gas (Gompel and Walling, 1997; Walling et al., 1997) . The abatement More water is required if higher scrubbing efficiencies are required; alternatively, the emissions from the TPU could be fed into a "house scrubber" for further treatment.
Plasma Abatement Systems
Another promising method for abating emissions of PFCs and HFCs from etching operations is plasma destruction. These units are relatively small and are not suitable for dealing with high-flow-rate emissions from chamber-cleaning operations. Plasma systems manufactured by Litmas Inc. and by Astron Inc.
are reported in the literature. The first, which was tested by Sematech (Tonnis et al., 1999) , is described in detail below. Limited information exists on the second one; it is reported to have effectiveness of 98% in treating CF 4 flows of 0.25 slpm using a mixture of O 2 and H 2 as reactants (Chen et al., 2000) .
Evaluation of the Litmas Plasma System
A Litmas plasma abatement system uses a small plasma source located after the etching tool between the turbo pump and the dry pump (Figure 4) . A supplementary reactive gas (e.g., H 2 , O 2 , H 2 O, or CH 4 ) is added upstream of the plasma-abatement device ( Figure 5 ). This gas and the PFC or HFC are dissociated in the highly energetic plasma and the resulting byproducts are removed in wet scrubbers.
A separate plasma device is needed for each PFC-carrying stream. The performance of a Litmas "Blue" device was tested in treating emissions from an oxide etcher (Tonnis et al., 1999) . Abatement was measured for different parameters of power and materials, using Fourier transform infrared spectroscopy, and mass spectrometry. Average efficiencies of 95% or higher were measured under all conditions. Using O 2 as an abatement additive gas, the Litmas "Blue" reduced such emissions by 98.5% using 1050W of plasma input power. In most cases, CF 4 was destroyed with an efficiency of 96%, while the concentration of CHF 3 was lowered to below detectable levels (>99.5% abatement). Placing a plasma-abatement system between the process chamber and the dry pumps restricts the diameter of the foreline in the plasma discharge unit. Also, all PFC byproducts are transferred through the downstream dry pump; this creates concerns about the effect of particulates or corrosive species on the dry pump's performance and the device's reliability over an extended period of operation. However, a Litmas device was used to process 10,882 wafers without any negative effects on the manufacturing process or the mechanical pump Table 3 . Because of the low cooling and power requirements, utility costs are expected to be only a few hundred dollars per year. The system can be equipped with a manual water fill system for an additional cost of approximately $2,000 or with an automatic water-delivery system costing $4,000-$6,000. Using water vapor instead of oxygen or hydrogen provides savings in material costs.
As discussed above, the Litmas "Blue" is designed for sub-atmospheric pressures and small flow rates. Another device, the Litmas "Red", is an atmospheric-pressure plasma torch designed for higher flow rates from the exhaust. However, this system has not been independently tested yet.
Catalytic Decomposition Systems
Two catalytic decomposition systems are described as being effective in PFC abatement: a Hitachi system (Cox et al., 2001 ) and a Guild Associates/Misonix system (Brown et al., 2001 ). The first has been available for a couple of years, 1 Examples of CSA compliance include minimum clearances between high voltage components and case ground, and installation of cooling water and input power receptacles on opposite faces of the unit.
with about 100 units reported sold so far, whereas the second just became available. Both systems are based on the same configuration ( Figure 6 ).
These systems employ two water scrubbers integrated with a catalytic reactor.
The reactor contains a proprietary catalyst to convert PFCs to CO 2 and HF. They are installed in-line downstream from the dry pump in etching or CVD processchambers. One scrubber is connected before the catalytic decomposition to remove inorganic water-soluble gases (e.g., SiF 4 ) and particulates, and the second after the catalytic unit to remove HF and other fluorinic species generated at the reaction zone. The PFCs pass in series through an electrically heated prereactor and a catalytic reactor. The PFC gases are mixed with injected air and water while being heated to a temperature appropriate for the particular mixture (typically 750°C). The PFC/water/air mixture enters the upper section of the catalytic reactor, where the PFCs react with water and air in the presence of the catalyst to form CO and HF.
The CO is subsequently converted to CO 2 . Finally, the hot gaseous reaction products (CO 2 , HF, N 2 , Ar, and O 2 ) enter a quench station where a water spray cools them and then pass through a second packed-bed scrubber. The insoluble gases (primarily CO 2 and N 2 ) are pulled out of the system by a venturi pump and exhausted into the facility's acid-exhaust system. The water-soluble HF is trapped in an aqueous solution that is collected in a wastewater tank. This wastewater is partially recirculated through the system for use in the quench station and pre-reaction scrubber before eventually being discharged to the industrial wastewater system.
Evaluation of the Hitachi ThermoCatalytic Decomposition System
The Hitachi SCDS-60 system exhibited an abatement efficiency of >99.4% for PFC emissions from a dielectric etch tool (Cox et al., 2001 ). These emissions included CF 4 , C 2 F 6 , CHF 3 , C 3 F8, C 4 F8, C 5 F 8 , NF 3 , CO, and SF 6 at 60 slpm gas throughput. PFC concentrations were measured upstream and downstream of the abatement system using Fourier transform infrared spectroscopy (FTIR).
The system included water cleaning and recirculation, which reduces water consumption to about 1 gpm. Currently Hitachi does not sell the SCDS-60 model, but it sells larger flow models for flows of 120-200 slpm and multichamber capability. The economics of the 200 slpm system are shown in Optimization often is quite challenging to achieve. It strives to reduce emissions by tuning processes so that they will consume smaller quantities of chemicals, yet still maintain critical processing targets. Alternative chemistries with a low global-warming potential have been used successfully in cleaning CVD chambers, where more degrees of freedom exist. However, optimization did not work well in dry-etch processes that require tight processing controls. NF 3 is a viable alterna tive for chamber cleaning; although it is a greenhouse gas itself, it is utilized almost completely, thereby producing insignificant greenhouse-gas emissions. Using NF 3 instead of PFCs in chamber cleaning cuts down dramatically the amount of gas needed and the amount of emissions, and also decreases the cleaning time. In general, NF 3 abatement is not required since greater than 99% of the NF 3 is used in the plasma. On the negative side, NF 3 is more expensive than most PFCs and, in remote cleaning systems (which add to the capital cost), produces more fluorine that then must be treated. Using NF 3 diluted with He reduces F 2 emissions to the levels attained with PFC-based cleaning.
Recovery and recycling methods have not been proven economically feasible.
POU abatement was found to be practical and is becoming the most widely accepted method of eliminating PFC emissions. POU abatement systems are based on either thermal decomposition, plasma discharge, or thermocatalytic decomposition technologies. Three commercial systems were described that were independently tested and are widely implemented in semiconductor facilities; Table 3 is a summary comparison. All three effectively destroy PFCs from etching operations, while the Edwards combustion system al so efficiently treats such compounds in exhaust streams from chamber operations that carry a lot of particulates. The Hitachi system might also handle streams with particulates in a properly designed pre-reaction scrubber, but this will generate sludge.
The Litmas plasma abatement system differs from thermal abatement methods because it treats the exhaust stream before it is diluted with nitrogen in the dry pump, resulting in lower energy consumption. On the negative side, use of the Litmas device is limited to small-flow-rate exhaust streams from subatmospheric pressure processes. Another type, the Litmas "Red" is available for larger flows and atmospheric conditions, but this has not been tested independently.
The Edwards TPU system is efficacious i n abating PFCs from "very dirty" and relatively high-flow-rate streams where the other two are ineffectual. A catalyticconverter system may become plugged from excess solids in a "dirty" exhaust stream and the plasma-destruction equipment is limited to small flow rates by the size of the plasma tube (plasma destruction is effective in 3-inch tubes or smaller). Total Flow Furthermore, the Edwards TPU system can be used for lowering discharges of silane and other gases (e.g., NF 3, B 2 H 6 , TMB, PH 3 , GeH 4 , and WF 6 ), in addition to PFC emissions. Both the exhaust streams of PFCs and of silane can be destroyed in the same TPU, thereby eliminating the need for a separate burn box and scrubber for silane. The Edwards system generates NOx, as does every thermal-destruction system, whereas catalytic destruction, which operates at lower temperatures, does not. The Edwards, operating at the "high-fire" mode required to destroy CF 4 , emits 150-200 ppm of NOx, whereas its elimination in the "low-fire" zone produces only 10-20 ppm of NOx. The plasma system can generate NOx but treating the effluent stream before it is mixed with purge N 2 , lowers the production of NOx. The thermal and thermocatalytic abatement systems can be scaled-up to handle higher exha ust volumetric flows than the ones tested so far, whereas the plasma "blue" system cannot be scaled-up.
The PV industry currently uses PFCs in a few manufacturing facilities. However, in accordance with the proactive approach of the industry, alternatives and/or abatement options are investigated early before large-scale manufacturing facilities come online. Although alternatives may not currently exist, tested abatement systems do exist and can be employed at reasonable costs when needed.
